ABSTRACT Thin films of CuIn 1−x Al x Se 2 (CIAS) were grown on the flexible 10 micrometer thin stainless steel substrates, by dc co-sputtering from the elemental cathodes, followed by annealing with modified selenization. CuInAl alloyed precursor films were selenized both by noble gas assisted Se vapor transport in a tubular furnace and vacuum evaporation of Se in an evaporation chamber. CIAS thin films were optimized for better adhesion. X-ray diffraction, scanning electron microscopy, and UV-visible absorption spectroscopy were used to characterize the selenized films. The composition of CIAS films was varied by substituting In with Al in CuInSe 2 (CIS) from 0 ≤ x ≤ 0.65 (x = Al/Al+In). Lattice parameters, average crystallite sizes, and compact density of the films, decreased when compared to CIS and (112) peak shifted to higher Bragg's angle, upon Al incorporation. The dislocation density and strain were found to increase with Al doping. Solar cells with SS/Mo/CIAS/CdS/iZnO:AZnO/Al configuration were fabricated and were tested for current-voltage characteristics for various 'x' values, under Air Mass 1.5 Global one sun illumination. The best CIAS solar cell showed the efficiency of 6.8%, with x = 0.13, E g = 1.17 eV, fill factor 45.04, and short circuit current density J sc 30 mA/cm 2 .
I. INTRODUCTION
Recently much of the research interest has been devoted to polycrystalline CIS (CuInSe 2 ) based alloyed solar cells. CIS being the lowest member of Cu-chalcopyrite group and a ternary semiconductor with a direct band gap of 1.0 eV, an absorption coefficient of 3.6 x 10 5 cm −1 [1] , [2] has reached 14.6% record conversion efficiency for the device fabricated on soda lime glass (SLG) in SLG/Mo/CIS/CdS/iZnO:AZnO/Al configuration. Band gap of CIS can be tuned by doping group III elements, for instance Ga or Al. The band gap of CuIn 1−x Ga x Se 2 (CIGS) can be tailored from 1.0 to 1.7 eV by varying the x = Ga/(Ga+In) ratio from 0 to unity. CIGS has reached the maximum efficiency [3] of 20.1% with x = 0.3 and E g = 1.15 eV and was found to limit the efficiency for x = 0.5 and E g = 1.3 eV. The limitation to the efficiency upon excess Ga doping could be due to the increase in the defect concentration and thereby leading to the recombination [4] . CuIn 1−x Al x Se 2 (CIAS), where x = Al/Al+In, being an alternative wide band gap material, is formed by replacing indium with aluminum. Till date a record efficiency of 16 .9% has been obtained using a co-evaporation process [5] . Band gap can be varied from ∼1 eV (CuInSe 2 ) to ∼2.7 eV (CuAlSe 2 ). Noteworthy that low Al alloying would compensate the higher Ga alloying, for achieving higher band gap. Besides higher Ga doping would incorporate significant structural changes compared to that of Al doping [6] . Hence CIAS based solar cells are currently focused upon [7] . CIAS absorber films were deposited by co-sputtering which allowed scaling up at the larger modules with better compositional uniformity. CIA alloys were selenized in the selenium atmosphere involving Se vapor transport in a tubular furnace and evaporation of Se in an evaporation chamber. Selenization of the CIA films required proper control over selenium [8] for avoiding the adhesion issues with respect to back contact and crystallinity of the selenized films. Flexible solar cells are desirable due to its low weight, low cost, longer life times upon encapsulation and flexibility in roll-to-roll manufacturing [9] . The space and building applications of solar cells, find effective utilization of flexible substrates. Polyamide substrates are the strong candidates for their flexibility [10] . CIAS absorber phase optimization involved the annealing at 450 • C for which the polyamide sheets would not withstand such a high temperature. Hence the stainless steel substrates have attracted great attention for space applications. Nevertheless the stainless steel substrates used for solar cells should satisfy the following criteria for avoiding the efficiency losses [11] , [12] : a) matching of thermal coefficient of expansion for better adhesion of CIAS films, b) Higher chemical stability in all environmental conditions, c) Substrate degassing should be minimized, d) Carbon content in the steel should be minimum, e) Corrosion resistant steel foils are desirable, f) Enamel coatings should withstand higher temperatures, in Se atmosphere, g) Absorber doping is allowed through enamel on steel substrates.
In this enhanced article of our previous paper [13] , current work extends the range of knowledge in understanding the texture, strain, lattice parameters and current-voltage characteristics of solar cells fabricated on stainless steel substrates, as a function of Al doping. The intentional Al doping in the CIS absorber leads to the structural changes and hence band gap gets modulated, which shows detrimental effects on the device electrical and electronic properties. Conventional thin film chalcopyrite solar cell fabrication involves the usage of 3-5 mm thick soda lime glass substrates which limits its space and terrestrial applications. Hence thin metallic/polymer foils of 5-50 µm thickness are advantageous, in terms of weight and flexibility of wrapping around any curved surfaces [14] . Thin stainless steel foils of 10 micron were successfully used for fabrication of the complete solar cells with in SS/Mo/CIAS/CdS/i-ZnO-AZnO/Al configuration. Effects of the Al doping upon the grain sizes were correlated with XRD and SEM.
II. EXPERIMENT
CIA metallic films were co-sputtered from the three single elemental cathodes, which are con-focally arranged towards the 6" rotating substrate holder. The elemental cathodes were operated under direct current (dc) power supply. Dcmagnetron sputtering chamber was equipped with a 3" Mo cathode, procured from Kurtz J Leskar, which was used for depositing a uniform Mo film of desired thickness. Firstly, Mo was pre-sputtered to ensure a clean surface and devoid of any contaminants in the sputtering chamber. Sputtering chamber ( Fig. 1 ) was evacuated to 5 × 10 −7 mbar, followed by 4 sccm argon purging to maintain a constant 2 x10 −3 mbar working pressure throughout the deposition. The uniformity of the thin film deposition was ensured by rotating the substrate assembly at 30 rpm, during the entire co-sputtering process. Initially CuIn (CI) alloy was deposited for 10 minutes, followed by CIA alloy and finally depositing 200 nm Cu cap to prevent the indium aggregation and Al 2 O 3 formation at the top surface. The time intervals of Al and In were varied to yield different 'x' ratios. The power density (W/cm 2 ) of the Al and In guns were adjusted to fine tune the desired thin film compositions. Six batches of the CIA films were deposited by varying the Al compositions. Films were deposited both on the SLG substrates and flexible stainless steel (10 µm thick) substrates. Structural analyses of CIAS absorber were carried out on the SLG/CIAS thin films.
A. SELENIZATION OF THE CIA PRECURSOR FILMS
Selenization was performed in two different ways 1) Thermal evaporation of elemental selenium by means of resistive heating and monitoring the deposition using a quartz crystal monitor. Selenization was performed in a Hi pace 300 turbopumped thermal evaporation chamber under a base pressure of ∼1 x 10 −6 m bar with substrate assembly maintained at 450 • C. The deposition rate was monitored through closedloop feedback with a quartz crystal monitor. 2) Tubular furnace equipped with a thermocouple was positioned at one end of the furnace, for measuring the temperature of the crucible containing selenium granules. CIA films annealed in open air by a conventional tubular furnace, contained the oxide impurities of Cu, In and Al, as evidenced from the XRD data. Hence a modified annealing route was employed, in which the noble gas mixture (Ar: He) was purged from one end for 5 minutes and other end closed with a bubbler in order to monitor the gas flowing out. Such a set up ensures the absence of oxygen inside the furnace. Then the heating profile of the selenium was started by, flowing the noble gas at 1 sccm, monitored by a MKS gas mass flow controller. The heating profile of the CIA alloy films was started simultaneously at a ramping rate of 8 • C/min. Better crystallinity and control over the selenium content was obtained in the case of annealing in the modified tubular furnace as depicted from the XRD graphs. Initially the samples were selenized at a flux rate of 10 Å/S, in the turbo-connected thermal evaporation chamber, for about 30 minutes. The samples were found to be selenium deficient and then the annealing time was increased to 45 minutes, maintaining the substrate temperature at 500 • C, where the samples contained 50 % selenium.
Second process of annealing, was performed in a modified tubular furnace (Fig. 2) by maintaining the crucible temperature at 230 • C with a ramp rate of 3 • C/min and the substrate holder at 500 • C with a ramp rate of 8 • C/min respectively. When the samples were placed at the center of the furnace with a single heating coil at the center, films were peeled 246 VOLUME 3, NO. 3, MAY 2015 off or the films were poorly adhered. Once the modified set was used, films with good adhesion were obtained. Selenium was found to be deficient in the case of 60 min annealing and up on prolonging to 90 min, stoichiometric films were obtained.
B. CHARACTERIZATION TECHNIQUES
Bruker D8 advance X-ray powder diffractometer, with monochromatic Cu Kα radiation (λ = 1.5406 Å) was used to record the X-ray diffraction pattern for phase identification. The morphology of the CIA and CIAS thin films were investigated by field emission scanning electron microscope (Zeiss Gemini FESEM). Perkin Elmer UV-VIS-NIR spectrometer was used to record the transmittance spectrum of selenized films. A.M 1.5 G simulated solar Simulator, Oriel Sol 3A with KG5 filtered lamp source, NREL calibrated Si reference cell (oriel P/N-91150V) to 100 mW/cm 2 ) equipped with 2400 Keithley source measurement unit.
C. PHASE IDENTIFICATION
X-ray diffraction pattern (Fig. 3) was indexed to the standard JCPDS Pdf file No. 40-1487 of CuInSe 2 , with the lattice constants a = 5.12 Å, c = 11.27 Å. Absence of secondary phases pertaining to CuS, In 2 S 3 etc confirmed the phase purity and complete selenization of the CuInAl alloyed thin films. Al compositions with x = 0, 0.12 & 0.33 set of films were selenized in the modified set up and the x = 0.50 & 0.65 set of fims were selenized in the thermal evoporation. It was observed that the crystallinity was better in case of films annealed in the modified set up. Fig. 4 showed the variation of full width at half maximum with respect to the Al doping. Upon increase in the 'x' for various compositions, the FWHM of the CIAS thin films on SS/Mo substrate, increased with shift in the (112) peak towards the higher angles. A shift from 2θ values 26.6 at x = 0 to 27.5 at x = 0.65 was observed. Such a shift in the (112) peak, could be attributed to the lattice spacing shrinking of (112) orientation as per vegards law. It is to be noted that the higher angle shifting of the peaks could also be due to the intrinsic strain release in the film. The crystallite sizes of CIAS films were estimated from the Scherer relation [15] . Where D is the grain size of crystallite, λ (1.5405 Å) the wavelength of X-rays used, β being the half its maximum intensity in radians and θ is the angle of diffraction.
Lattice parameters were calculated using the relation (2).
Where d is the d spacing, h,k,l are miller indices and 'a', 'c' are the lattice constants. Fig. 5(a) showed the decrease in the crystallite sizes with Al doping composition. Fig. 5(b) showed that the lattice parameter 'a' decreased with Al doping into CIS films, indicating the shrinkage in the lattice, furthur confirming the possibility of (112) peak shift. The doping atoms in general might form solid solutions with different mechanisms [16] . A situation when X = 0.5 is the case where the doping atom Al +3 substitute the matrix atoms in order to form a lattice, so the final lattice parameter was decreased. In another case, when x ≥ 0.65 the doping atom enters the interstitial space forming the interstitial solutions, hence the lattice parameter was increased since the lattice was distorted and expanded by the doping atoms. Strain and dislocation density [ Fig. 6(a) ] were calculated using the eqn. 3 and 4 respectively [17] and were found to increase with percentage doping of Al in CIS crystal lattice. It is to be noted that the strain incorporated into the films could possibly due to the imperfections in the crystal lattice. Such imperfections arise due to the stacking faults, vacancies and interstitials etc. In order to quantify the orientation of a particular plane, texture coefficients (TC hkl ) were calculated [18] (eqn. 5).
Where ε the strain and β is full width at half maximum. Where I hkl is the obtained intensity of the (hkl) diffraction peak and I h k l is the relative intensity of JCPDS standard data. N is the number of reflections considered. showed higher TC value than the strong reflection (112) in case of x = 0, 0.12, 0.33, whereas for x = 0.5 the plane (116) showed higher value and (112) for x = 0.65. In general such deviations could be due to the increase in the structural factor or induced lattice deformation [17] . 
D. MORPHOLOGICAL INVESTIGATIONS
Scanning electron micro graphs of the both CIA alloyed films and CIAS films at various magnifications with varying compositions of 'x' were presented in the Figs. 7-10. CIA alloyed precursor thin films showed almost similar grain growth whereas the CIAS films showed different morphologies. Grain sizes of the CIAS films decreased with increase in 'x' ratio [19] . The grain sizes obtained from SEM images were in agreement with those obtained from XRD calculations. 
E. BAND GAP CALCULATIONS
CIAS thin films with optimal band gap are used in the application of solar cells. Optical band gap nature either direct or indirect can be determined by the relation (6)
Where hυ is the energy of the photon, 'A', 'h' are the constants, E g is the band gap and 'n' is considered to be 1/2 for the indirectly allowed transitions and 2 for the directly allowed transitions. The plot of (α hυ) 2 versus photon energy (hυ) and linear extrapolation over the photon energy axis determines the band gap. As calculated band gaps for different batch of films of varied Al composition, are shown in the Fig. 11 . for various Al dopings. Device characteristics of best cell are as follows: x = 0.13, E g = 1.17 eV, fill factor (FF) 45.04, Short circuit current density J sc 30 mA/cm 2 . Solar cell parameters were calculated and tabulated in the Table 1 . It was observed that the current density decreased with increase with Al incorporation. Open circuit Voltage V oc showed an improvement of 50 mV from x = 0 to x = 0.13 and gradually decreased from to 40 mV at x = 0.33 compared to x = 0.13. In general the increase in V oc is accompanied by the decrease in FF and therefore the decrease in efficiency. Similar result was previously reported by Marsillac et al. [20] . The lower efficiencies of CIAS solar cells fabricated on stainless steel substrates herein exhibited lower values due to many factors which include: a) Absence of KCN etching and the deposition issues related to CdS deposition. The decrease in the V oc , J Sc , FF are possibly arise from the Cu 2−x Se impurity present at the absorber buffer interface. Absence of Cu 2−x Se phase in XRD pattern may be due to its amorphous nature. It is also to be noted slower KCN etching would sacrifice the fill factor, hence faster KCN etching is preferred. b) Upon increasing Al incorporation, the possibility of Al 2 O 3 formation, cannot be ruled out. Al 2 O 3 is highly resistive phase, showing detrimental effects on the device performance. c) As seen from the XRD pattern, the CIAS absorber films were textured along (204) orientation, which indicated the absence of Na incorporation. In general Na aids the texturing towards (112) preferred orientation and re-ordering of electrically defect clusters. This would also contribute to the lowering of efficiency of CIAS solar cells, due to the absence of Na incorporation. Currently the various ways to incorporate Na [21] into the absorber is focused in our research group.
DEVICE FABRICATION

III. CONCLUSION
CIAS thin films were grown on the Mo coated SS substrates, by co-sputtering, followed by the selenization. Two types of selenization of precursor films were studied and the modified selenization gave better results. Adhesion and crystallinity issues are addressed as function of selenium flux. Structural and optical properties of CIAS/Mo/SS were studied in detail. Lattice parameters, decreased and the dislocation density and strain were found to increase, upon (112) peak shifting to higher Bragg's angle, with al incorporation. Efficiency of the CIAS solar cells can be improved by grading the window layers. CIAS solar cells have been successfully fabricated on flexible substrates CIAS solar cells with better efficiency, are currently focused upon by incorporation of NaF/soda-lime glass thin films (SLGTF) layer between the back contact and the flexible substrate.
